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ORIGINAL ARTICLE 

Differential regulation of miR-21 and miR-146a by Epstein-Barr 
virus-encoded EBNA2 

P Rosato^ E Anastasiadou^ N Garg^ D Lenze^ F Boccellato\ S Vincenti^ M Several EM Coccia^ R Bigi\ M Cirone\ E Ferretti^ 
AF Campese^ M Hummed, L Frati\ C Presutti^ A Faggioni^ and P Trivedi^ 

The discovery of microRNA (miR) represents a novel paradigm in RNA-based regulation of gene expression and their dysregulation 
has become a hallmark of many a tumor. In virally associated cancers, the host-pathogen interaction could involve alteration in miR 
expression. Epstein-Barr virus (EBV)-encoded EBNA2 is indispensable for the capacity of the virus to transform B cells in vitro. Here, 
we studied how it affects cellular miRs. Extensive miR profiling of the virus-infected and EBNA2-transfected B lymphoma cells 
revealed that oncomiR miR-21 is positively regulated by this viral protein. Conversely, Burkitt's lymphoma (BL) cell lines infected 
with EBNA2 lacking P3HR1 strain did not show any increase in miR-21. EBNA2 increased phosphorylation of AKT and this was 
directly correlated with increased miR-21. In contrast, miR-146a was downregulated by EBNA2 in B lymphoma cells. Low miR-146a 
expression correlates with an elevated level of IRAKI and type I interferon in EBNA2 transfectants. Taken together, the present data 
suggest that EBNA2 might contribute to EBV-induced B-cell transformation by altering miR expression and in particular by 
increasing oncomiR-like miR-21 and by affecting the antiviral responses of the innate immune system through downregulation 
of its key regulator miR-146a. 
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INTRODUCTION 

EBV is peerless in its capacity to transform human B lymphocytes. 
The resulting lymphoblastoid cell lines (LCLs) express six virally 
encoded nuclear proteins (EBNA1-6) and three membrane 
proteins (LMPI, 2A and 2B).^ EBNA2 is mandatory for the 
transforming capacity of the virus as P3HR1 strain which lacks 
EBNA2 coding region is devoid of this potential.^ Importantly, the 
reconstitution of EBNA2 into P3HR1 genome confers the virus its 
ability to provoke indefinite proliferation of the lymphoblasts.^ 
Using condition mutants in which EBNA2 has been fused to 
hormone-receptor-binding domain, it was shown that estradiol- 
mediated induction of EBNA2 was required for the infected B cells 
to start proliferation."^ The fact that EBNA2, together with EBNA-LP, 
is among the first proteins to be expressed when primary B cells 
are infected with the virus is consistent with its central role in 
causing B-cell transformation.^ 

Structurally, EBNA2 is a 497-amino-acid long nuclear 
protein and an activator of transcription. Interestingly, it does 
not bind directly to DNA but activates transcription through 
binding to adapter proteins. The case in point is RBP-Jk/CBF1.^ 
EBNA2 regulates CD23 and LIV1P2A through this transcription 
factor.^ In contrast, it regulates LMPI promoter through PU1 and 
API transcription factors.^ In addition, EBNA2 facilitates 
recruitment of TIFIIB, TIFIIH and p300CBP through its acidic 
domain.^ Besides viral genes, EBNA2 regulates cellular genes as 
well. The emergence of microarray technology has facilitated 



large-scale studies in which several human mRNAs were shown to 
be positively regulated by EBNA2.^° This virally encoded nuclear 
protein is also capable of negatively regulating human 
mRNAs."'^^ 

The microRNAs (miRs) participate in gene regulation of a broad 
spectrum of biological pathways through fine-tuning of protein 
expression levels. Their aberrant expression is a hallmark of a 
variety of diseases. The initial evidence of their involvement in 
cancer came in light by studies in chronic lymphocytic leukemia. 
It is estimated that >50% human miRs are located to genomic 
regions, such as common breakpoints and fragile sites, involved in 
cancers.^^ Some miRs are overexpressed in cancers in comparison 
with normal tissues, whereas others are downregulated. The 
former thus may be considered oncomiRs and the latter tumor 
supressor miRs. 

EBV encodes its own miRs and can also influence cellular 
miRs.^"^ The initial evidence that this is so came from studies 
showing that EBV-negative and EBV-positive Burkitt's lymphomas 
(BLs) differ in their miR expression signature.^^ Moreover, among 
EBV-positive BLs, it was shown that the miR profile of latency I and 
III expressors is diverse. In particular, miR-155 was highly 
expressed in latency III expressing cells.^^ LMPI was the driving 
force behind this increase^ ^ and it is also responsible for 
increasing miR-146a expression.^ Recently, we have shown 
that downregulation of TCL1 provoked by LMPI was due to an 
increase in miR-29b expression.^° 
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Besides the noted requirement of EBNA2 for B-cell transforma- 
tion, its expression in rat fibroblasts resulted in altered cellular 
morphology, increased colony formation in soft agar and 
tumorigenicity in nude mice.^^ Mitotic check-point disruption 
and chromosomal instability caused by EBNA2 has been recently 
described.^^ In EBNA2 transgenic mice, kidney tumors were 
frequently found.^^ Given the importance of EBNA2 in EBV- 
driven transformation on the one hand, and the dysregulation of 
miRs in cancer on the other, we asked how this viral protein 
influences cellular miR expression. In the present study, we 
established microarray miR profile of EBNA2 expressing and 
nonexpressing EBV-infected cells and compared it with the same 
cells transfected with EBNA2 only and show that EBNA2 
differentially regulates two major cellular miRs, namely miR-21 
and miR-146a. 



MATERIALS AND METHODS 

Cells 

U2932 is a previously characterized EBV-negative diffuse large B-cell 
lymphoma (DLBCL)-derived cell line.^"^ BL28 and BL41 are EBV-negative 
BLs. BL28 E95A and BL41 E95C are B95-8 virus convertants, and BL28 EHRA 
and BL41 EHRA are infected with the P3HR1 strain. Oma 4 is an EBV- 
negative variant of originally EBV-positive BL.^^ Bjab is an EBV-negative B 
lymphoma cell line. Bjab K3 are estrogen-inducible EBNA2 transfectants.^^ 
The Akata EBV-infected U2932, Bjab and Oma 4 convertants have been 
previously described." The B95-8 is a marmoset cell line which express all 
latent viral proteins. LCLAKE was established after infecting peripheral B 
lymphocytes with the recombinant EBV strain from Akata BL. The cells 
were grown in RPMI supplemented with 10% fetal calf serum and 100IU of 
penicillin and 100|ig/ml streptomycin. 

Infection with a recombinant EBV strain 

Akata recombinant EBV producer cells were treated with anti IgG as previ- 
ously described to obtain infectious virus particles.^^ The details of infection 
protocol can be found in the Supplementary Materials and Methods. 

Immunoblotting 

The expression of EBNA2, LMP1, AKT, pAKT, IRAKI, p-actin and lamin B was 
verified by immunoblotting. The cells (10^) were lysed in 1 ml of lysis 
buffer. Extracts equivalent to 10^ cells were separated on discontinuous 
SDS-polyacrylamide gels and transferred to Protran (Amersham, Milan, 
Italy) filters. Antibody details are included in the Supplementary Materials 
and Methods. 

Locked nucleic acid-based miRNA microarray 
Total RNA was prepared using Trizol (Invitrogen, Monza, Italy) following the 
manufacturer's protocol. RNA quality was assessed by gel electrophoresis. 
Microarray experiments were performed using miRCURY LNA microRNA 
Array Power Labeling Kit (Exiqon, Vedbaek, Denmark). The experimental 
sample (U2932 EBVGFP cl-A, cl-B and U2932 EBNA2 cl-2) and a reference 
sample (U2932 MPA vector) were labeled in separate reactions with Hy5 
and Hy3, respectively. Labeled experimental and the reference sample 
were combined, denatured, and then hybridized on custom-made slides 
(Mollenkopf), containing locked nucleic acid (LNA)-modified miR capture 
probes targeting all human, mouse and rat miRNAs listed in the miR BASE 



version 8.1. More Details of the method can be found in Supplementary 
Information. 

Northern blotting 

RNA was extracted by standard trizol method and suspended in DNAse- 
and RNAse-free water. Samples were run on 15% 7 m urea-acrylamide gels. 
Electrophoresis was performed at 20 mA for about 3 h at room 
temperature. The oligonucleotides to be used as probes were purchased 
from Sigma (Milan, Italy). After electrophoresis on urea-acrylamide gels, the 
RNA was transferred to hybond nylon filters at 10 V overnight at 4°C. After 
the ultraviolet cross-linking, the filters were prehybridized in 6 x SSPE, 5 x 
DENHARDT and 0.5% SDS solution. Ten picomoles probes were 
radiolabelled using P^^ yATP by standard reaction at 37 °C. Microspin 
G25 columns (Amersham) were used to separate radiolabelled probe from 
unincorporated yATP. The prehybridization and hybridization were 
performed in the same buffer, at 37 °C overnight. The filters were washed 
once in prewarmed washing solution containing 6 x SSPE and exposed in 
cassettes containing phosphor screen overnight. The signals were read by 
Amersham Typhoon 9200 phosphoimager and densitometry was per- 
formed with IMAGEQUANT software (Amersham). The filters were stripped 
in a solution containing 0.2 x SSPE and 0.2% SDS for 10 min at 95 °C and 
subsequently rehybridized with another probe. 

EBNA2 and LMPI transfection and selection 

An EBNA2 expression vector J 144-C1, the expression vector for LMPI J132-G5 
and the corresponding vector control pSV-MPA GPT (a kind gift of Professor 
Lars Rymo, Gothenburg University, Sweden) were individually transfected 
into U2932 DLBCL cells by electroporation (5|ig DNA, 230 V, 960 |iF in 
200 |il phosphate-buffered saline). Two days later, the cells were placed in 
a selection medium containing 1.5|ig/ml mycophenolic acid, 160|ig/ml 
xanthine and 10|ig/ml hypoxanthine. Drug-resistant clones were isolated 
after 4 weeks and used to verify EBNA2 and LMPI expression. The latter 
was also transfected transiently together with pEGFP-NI plasmid into 
U2932 and U2932 EBNA2 cl-2. The green fluorescent protein (GFP)-positive 
and -negative cells were sorted on a Becton-Dickinson (Milan, Italy) cell- 
sorter. Oma 4 and BL41 cells were electroporated with EBNA2 expressing 
vector J144-C1 and stable EBNA2 expressing clones were selected as 
described above. Bjab K3 cells transfected with estrogen-inducible EBNA2 
were treated with 1 |im estradiol to induce EBNA2 expression. 

Quantitative reverse transcription PGR 

Total RNA from cell lines was isolated using Trizol (Invitrogen) according to 
the vending company's instructions. The integrity of RNA was routinely 
checked using 1% agarose gel. Further details of quantitative PCR (qPCR) 
for mature miRs, pri-miRs, IRAKI, IFNA2, IFNA4 and respective primers can 
be found as Supplementary Information. 

LNA knockdown of miR-21 

U2932 EBNA2 cl-2 and U2932 EBVGFP cl-B were transfected with 40 nM of 
LNA anti-miR-21 oligonucleotide (hsa-miR-21 miRCURY LNA, Exiqon) or 
scrambled oligonucleotide (Exiqon) by Lipofectamine 2000 (Invitrogen). 
After 48 h, the cells were harvested for total RNA and protein extraction. 

Luciferase reporter activity assay 

Five million cells each from U2932 MPA vector, U2932 EBNA2 and LMP1- 
transfected clones were electroporated with 10|ig of A547 construct 
containing 547-bp long miR-146a promoter cloned in frame with firefly 
luciferase gene (obtained from Addgene and previously described by 
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Figure 1. Global miR expression profile by microarray and qPCR of EBV-infected and EBNA2-transfected U2932: The experimental samples and 
the vector-transfected U2932 were labeled with HyS and Hy3, respectively. Three different RNA preparations were generated from the 
controls, EBV-infected and EBNA2-transfected cells. Red signals represent increase and the green color represents miRs whose expression is 
downregulated. Custom-made slides containing LNA-based capture probes (Exiqon library from the miR BASE version 8.1) representing >460 
miRs were spotted, (a) Two EBV-infected clones of U2932 cells, U2932 EBVGFP cl-A (EBNA2 negative) and U2932 EBVGFP cl-B (EBNA2 positive), 
were compared for their miR profile, (b) Overview of miR profiling of EBNA2-transfected U2932 cells, (c) A comparison of principally altered 
miRs in U2932 EBVGFP cl-B and U2932 EBNA2 cl-2. The differences for both miR-21 and miR-146a expression in comparison to the parental 
U2932 cells were statistically significant (P<0.05), as measured by Student's f-test. The number of independent samples is n = 3. (d) List of 
miRs statistically differentially expressed in U2932 EBVGFP cl-B (EBNA2 expressor) vs U2932 EBVGFP cl-A (EBNA2 non expressor) upper panel 
and in EBNA2 overexpressed U2932 EBNA2 cl-2 vs parental vector U2932 MPA vector (lower panel). The P-value is ^0.05 for the miRNA listed 
(Mann- Whitney test). 



Leukemia (2012) 2343-2352 



© 2012 Macmillan Publishers Limited 



Taganov et al}^) together with 5ng pRL-TK plasmid containing renilla 
luciferase. The transfection efficiency was measured by calculating renilla 
expression ratio between the transfected and the untransfected 
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cells. Firefly and renilla activities were measured using the Dual 
luciferase assay kit (Promega, Milan, Italy) by a luminometer (Perkin 
Elmer, Monza, Italy, 1420, Multilabel counter). 
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RESULTS 

Cellular miRNA expression profile of EBV-infected and 
EBNA2-transfected DLBCL cells 

EBV infection of U2932 DLBCL cells and viral latent gene 
expression has been described in detail previously." The prime 



importance of EBNA2 in EBV-induced transformation prompted us 
to ask if its expression would alter miR profile of DLBCL cells. To 
this end, we compared miR expression profile of two clones of 
EBV-infected U2932 cells, which differ in EBNA2 expression, 
namely U2932 EBVGFP cl-A (EBNA2-) and U2932 EBVGFP cl-B 
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Figure 2. EBNA2 and miR-21 expression in EBV-infected and EBNA2-transfected B tumor cells, (a) U2932 (DLBCL), Bjab (B-cell lymphoma) and 
Oma 4 (BL) were infected with the recombinant Akata strain of EBV. EBNA2 expression in the resulting convertants is shown by 
immunoblotting, using PE2 monoclonal antibodies. p-Actin expression was verified as loading control. The lower panels show miR-21 
expression by northern blotting. End-labeled LNA antisense oligonucleotide was used as a probe. As a control for comparable loading and 
RNA quality, U2 expression was analyzed. indicates a P-value of <0.05 by one sided f-test. (b) miR-21 expression was verified in isogenic 
pairs of BL28 and BL41, infected with the wild-type B95-8 and EBNA2 lacking P3HR1 viral strains. The upper panels show EBNA2 expression as 
detected by immunoblotting. The lower panels show miR-21 expression by northern blotting. The histograms are mean (±s.d.; n = 3) 
densitometric analysis of northern blot data on miR-21 expression. The fold changes are normalized values against the house keeping U2 
RNA. (c) An expression vector for EBNA2 was electroporated into U2932, Oma 4 and BL41 cells. EBNA2 expressing clones were established 
from all three cell lines. The expression of EBNA2 was analyzed by immunoblotting with PE2 monoclonal antibodies. p-Actin expression is 
used as loading control. miR-21 expression as evaluated by northern blotting is shown in the lower panels, (d) Estradiol-inducible EBNA2 was 
transfected into Bjab (Bjab K3) and BL41 (BL41 K3) cells. Estradiol-treated and -untreated cells were tested for EBNA2 and miR-21 expression. 
The ER-EBNA2 fusion protein was of higher molecular weight, EBNA2 induction was accompanied by an increase in miR-21 expression. 
P-Actin expression is the protein loading control and U2 expression is RNA loading and quality control. B95-8 was used as positive control 
both for EBNA2 and miR-21. The mean (±s.d.; n = 3) densitometric analysis of miR-21 northern blots is shown below. The fold changes are 
normalized values against the house keeping U2 RNA. 
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(EBNA2 + ) (Figure la). Three different RNA preparations were 
generated from the control and EBV-infected and EBNA2- 
transfected cells. Fluorescence signals observed in triplicate array 
features at a level twofold that of background were considered to 
be indicative of miRNA expression. The expression of a total of 462 
miRs was investigated. Among noteworthy alterations, miR-155 
was expressed at a higher level in U2932 EBVGFP cl-B. miR-21 was 
also slightly more expressed in EBNA2-positive clone-B. Interest- 
ingly, among the differentially expressed miRs between these two 
EBV convertants, miR-146a expression was quite distinct. This miR 
was slightly upregulated in U2932 EBVGFP cl-A but notably 
downregulated in the EBNA2-positive U2932 EBVGFP cl-B. Other 
miRs with similar but less prominently different expression were 
miR-146b, -5p, -15b, -191, -26a and -30d. In order to find out how 
the differences in miR expression are related specifically to EBNA2, 
an expression vector for EBNA2 (J 144 C-1) and its vector control 
plasmid were transfected into U2932 cells. Immunoblots showing 
EBNA2 expression are in Figure 2. miR expression microarray 
profile of the EBNA2-transfected clone, U2932 EBNA2 cl-2, is 
shown in Figure lb. Among the most prominently altered miRs on 
the array, we find miR-637, miR-326, miR-193a-5p and miR-663. 
Interestingly, one of the most studied miR, namely miR-21, was 
also found upregulated in the EBNA2 transfectant. In contrast, 
among the downregulated miRs, we noted miR-146a and miR- 
148a. A comparison of miRs significantly altered in EBNA2-positive 
U2932 EBVGFP cl-B and the EBNA2-transfected U2932 EBNA2 cl-2 
is shown in Figure 1c. The results obtained with microarray 
profiling were further validated by qPCR. These data are shown in 
Figure Id and are essentially in concordance with those observed 
by microarray profiling. The corresponding heat map of Figure Id 
is shown as Supplementary Figure 1. 

Regulation of miR-21 in EBV-infected {in vitro) B tumor cells 
As miR-21 is highly expressed in several human tumors, we chose 
to further study the regulation of this miR by EBNA2. To this end, 
we first asked how in vitro EBV infection of EBV-negative BLs 
influence its expression. Three EBV-negative cell lines were 
infected with a recombinant EBV derived from Akata.^^ The 
expression of EBNA2 as determined by immunoblotting is shown 
in the top panels of Figure 2. p-actin expression was analyzed as 
protein loading control. Figure 2a shows that latency III expressing 
clone U2932 EBVGFP cl-2 and -B has higher miR-21 expression as 
analyzed by northern blotting. The EBNA2-negative U2932 
EBVGFP cl-A expressed slightly higher miR-21 in comparison with 
the uninfected parental cells, however, this increase was lower 
than twofold. This minor miR-21 increase in U2932 EBVGFP cl-A is 
most likely due to LMPI expression, as we have previously 
shown.^° Similarly, Bjab and Oma4 EBV conventants expressing 
latency III (thus EBNA2 positive) expressed higher miR-21 
(Figure 2a). 

To further clarify the role of EBNA2 in miR-21 regulation, we 
chose two BLs, BL28 and BL41, which were infected with the two 
prototype EBV strains B95-8 and P3HR1. As seen in Figure 2b, 
the EBNA2-positive B95-8 convertants of both these BLs show 
a significant increase in miR-21, whereas their P3HR1 -infected 
counterparts and thus lacking EBNA2 show no change in miR-21, 
underlining the important role of EBNA2 in miR-21 increase. 

The lower panels show mean densitometric analysis of northern 
blots {n = 3) showing miR-21 expression. 

EBNA2 induces miR-21 and pAKT expression 
To confirm that EBNA2 alone is sufficient to induce miR-21 
expression, an expression vector for EBNA2, J144-C1 and its empty 
vector control were electroporated into U2932, Oma 4 and BL41 
cell lines. Figure 2c (top two rows) shows EBNA2 and p-actin 
expression by immunoblotting in the transfected cells. Northern 
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blot analysis of miR-21 in lower panels suggests that EBNA2 alone 
is sufficient to increase miR-21 expression. 

The effects of EBNA2 on miR-21 expression were further 
investigated in Bjab K3 and BL41 K3 EBNA2 transfectants in which 
EBNA2 expression was induced by treatment with estrogen. Bjab 
K3 and BL41 K3 cells were treated with 1 |iM ^-estradiol for 2 days. 
In Figure 2d, top row shows induction of estrogen receptor (ER)- 
EBNA2 after the hormone treatment. The EBNA2 induction was 
accompanied by an increase in miR-21 expression in these cells. 
The lower panels are mean densitometric analysis of miR-21 
northern blots. 

One of the known miR-21 targets, PDCD4, was unchanged in 
U2932 EBNA2 cells (data not shown). In order to investigate the 
biological significance of miR-21 induction by EBNA2, we tested 
pAKT expression. miR-21 has been previously shown to induce 
pAKT which is important for cellular proliferation.^^'^° As shown in 
Figure 3a, U2932 EBNA2 transfectants expressed higher pAKT 
levels. That higher pAKT in EBNA2 transfectants is due to increased 
miR-21 was verified by transfecting antisense LNA miR-21 
oligonucleotides. Indeed the diminished miR-21 expression 
(Figure 3b) was accompanied by reduced pAKT expression 
(Figure 3a). A confirmation of these data was obtained in four 
additional cell lines, namely, BL41 E95C, BL41 EBNA2 cl-5, Bjab 
EBVGFP cl-4 and Bjab K3 (inducible EBNA2 expressors) and they 
are shown in Supplementary Figure 2. 

Regulation of miR-21 expression by EBNA2 
miR expression can be regulated by at least two principal 
mechanisms. The first being an increase at the transcriptional 
level. The second being post-transcriptional regulation that can 
involve increased processing and/or maturation. To understand 
whether EBNA2 increases the primary transcript (pri-miR) encod- 
ing miR-21, we designed primers shown in Supplementary Table 1 
in which at least one of the two primers correspond to sequences 
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Figure 3. pAKT expression and the effect of miR-21 knockdown in 
EBNA2 expressing U2932 cells, (a) pAKT and total AKT expression 
was analyzed by immunoblotting in U2932 EBV-convertant and 
EBNA2-transfected clone. The role of miR-21 in the regulation of 
pAKT was further studied by knocking down miR-21 by transfecting 
antisense LNA miR-21 oligonucleotide. RPMI 8226 and LCLAKE were 
used as negative and positive controls, respectively, (b) Expression 
of miR-21 as analyzed by taqman qPCR in the corresponding cells as 
in (a). The figure represents mean of three experiments, each 
performed in triplicates. The values are normalized to an internal U6 
RNA control. 
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that flank the Drosha cleavage site. A quantitative reverse 
transcription (qRT)-PCR analysis of pri-miR-21 transcript in EBV- 
converted U2932 clones and EBNA2 transfectants of the same line 
was performed. The pri-miR-21 transcript levels were slightly lower 
in the EBV-infected U2932 cells but did not significantly differ 
between EBNA2-negative U2932 EBVGFP cl-A and EBNA2-positive 
U2932 EBVGFP cl-B (Supplementary Figure 3a). The expression of 
the pri-miR-21 was still lower in EBNA2-transfected U2932 cells 
(Supplementary Figure 3b). These data suggest that EBNA2 might 
affect miR-21 expression at post-transcriptional processing level. 
This was further confirmed by the lack of miR-21 promoter activity 
in EBNA2 transfectants (Supplementary Figure 4). 



Differential regulation of mature miR-146a and its primary 
transcript by LMPI and EBNA2 

Previously, we and others have shown that one of the miRs 
consistently upregulated by LMPI is miR-146a.^^"^° Interestingly, 
our initial microarray profiling of EBNA2-transfected U2932 cells 
showed that this virally encoded nuclear antigen has the opposite 
effect on miR-146a expression (Figures lb and c). These data were 
further validated by northern blotting. Figure 4a shows LMPI and 
EBNA2 expression in EBV-converted, LMPI- and EBNA2-trans- 
fected U2932 cells. The northern blots shown in Figure 4b for the 
detection of miR-146a clearly demonstrate that while LMPI 
moderately increased this miR, its expression was severely 
reduced in EBNA2 transfectants and also in EBV-infected EBNA2- 
positive cl-B. Next we studied the levels of pri-miR-146a transcripts 
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Figure 4. Mature and primary miR-146a expression in EBV-infected, 
LMPI- and EBNA2-transfected U2932 cells, (a) U2932 cells were 
transfected with expression vector for LMPI and EBNA2 individually. 
Stable LMPI and EBNA2 expressing clones were analyzed for 
expression of these proteins by SI 2 and PE2 monoclonal antibodies, 
using immunoblotting. EBV-infected U2932 cells were also included 
in this experiment. p-Actin expression was verified to check protein 
loading, (b) miR-146a expression in U2932 LMPI and EBNA2 
transfectants with corresponding vector control cell lines and in 
EBV-infected U2932 clones was verified by northern blotting. LNA 
oligonucleotide corresponding to sequences complementary to 
miR-146a was used as a probe. U2 expression was used to verify RNA 
loading and quality, (c) Two separate RNA preparations of U2932 
parentals and EBV-infected clones EBVGFP cl-A (EBNA2 negative) 
and cl-B (EBNA2 positive) were tested for pri-miR-146a levels (left 
panel). Each experiment was performed in triplicates. In the right 
panel, U2932 LMPI - and EBNA2-transfected clones were tested for 
pri-miR-146a. 



in these cells by qRT-PCR. The primers for pri-miR-146a detection 
have been previously described.^^ In EBNA2-negative but LMP1- 
positive U2932 EBVGFP cl-A, a significant increase in pri-miR-146a 
was observed. However, no alteration in pri-miR-146a was seen in 
EBNA2- and LMPI -positive U2932 EBVGFP cl-B when compared 
with the uninfected parental cells (Figure 4c). The right panel 
of Figure 6c shows that LMPI did not affect pri-miR-146a, whereas 
in EBNA2 transfectants there was almost a complete block in 
miR-146a transcription. 

LMPI cannot derepress EBNA2-induced block in miR-146a 
expression 

As in EBNA2-LMP1 -positive EBV-infected U2932 EBVGFP cl-B the 
expression of miR-146a was downregulated, it appeared that the 
block imposed by EBNA2 on miR-146a expression is dominant 
over the induction of miR-146a by LMPI in this cell line. In order to 
clarify this, LMPI and pEGFP-NI plasmids were cotransfected into 
U2932 and U2932 EBNA2 cl-2 cells. The GFP-positive (P2 quadrant, 
green) and -negative (P3 quadrant, blue) cells were sorted on a 
cell sorter (Figure 5a). The sorted cells were analyzed for EBNA2 
and LMPI expression as seen in Figure 5b. The parental U2932 
cells which were GFP positive, expressed LMPI whereas GFP- 
negative cells did not express LMPI. Similarly, U2932 EBNA2 cl-2 
GFP-positive cells expressed LMPI but the GFP-negative cells did 
not. Subsequently, miR-146a expression was analyzed in the GFP- 
sorted U2932 and U2932 EBNA2 cl-2 by qRT-PCR. As expected, the 
parental U2932 cells positive for GFP and LMPI had higher miR- 
146a expression (Figure 5c, third column). In contrast, the negative 
effect of EBNA2 on miR-146a expression in GFP + /LMP1 + U2932 
EBNA2 Cl-2 persisted in spite of high LMPI expression (Figure 5c, 
the penultimate column). The data suggest that transient 
expression of LMPI does not alleviate EBNA2-mediated block on 
miR-146a expression. This is consistent with low miR-146a 
expression in U2932 EBVGFP cl-B in which both EBNA2 and 
LMPI are expressed. The higher expression of miR-146a in LCL 
control as against the latency III convertant U2932 EBVGFP cl-B is 
likely due to different cellular background. 

miR-146a promoter activity in EBNA2 and LMPI expressing cells 
To further clarify the role of the inhibition of transcription of miR- 
146a by EBNA2, we tested the miR-146a promoter activity in 
U2932 EBNA2-transfected cells. A reporter construct in which 
miR-146a promoter is linked to a luciferase gene was transfected 
into U2932 parental line and its EBNA2 and LMPI expressing 
derivatives. Supplementary Figure 5 shows that while EBNA2 
severely blocked luciferase activity, LMPI had no such effect. The 
data suggest that the increase in mature miR-146a expression by 
LMPI is likely due to enhanced post-transcriptional processing of 
the primary transcript and might involve positive regulation of 
Drosha, Dicer or argonaute proteins. In contrast, these data 
suggest that the inhibition of miR-146a expression is due to 
repression of its transcription by EBNA2. 

IRAKI and type I interferon expression in EBV-infected and EBNA2/ 
LMPI -transfected U2932 cells 

IRAKI is one of the validated targets of miR-146a.^^ As a 
consequence of differential regulation of this miR by EBNA2 and 
LMPI, we asked if IRAKI levels would change accordingly. Figure 6 
shows IRAKI expression by immunoblotting (a) and taqman qPCR 
(b) in U2932 EBV convertants and LMP1/EBNA2 transfectants. 
While LMPI had no influence on IRAKI expression, EBNA2 
increased its levels. Similarly, EBNA2-positive U2932 EBVGFP cl-B 
has higher IRAKI levels compared with EBNA2-negative U2932 
EBVGFP cl-A (Figure 6). EBNA2 and LMPI expression in the 
transfected clones is shown in lower panels (Figure 6a). 

As miR-146a is a key regulator of innate immune system and 
type I IFN pathway, we reasoned that as a consequence of 
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Figure 5. The effect of LMPI on miR-146a expression in U2932- and EBNA2-transfected cells, (a) U2932 and U2932 EBNA2 cl-2 cells were 
transiently cotransfected with pSG5 LMPI and pEGFP-NI expression vectors. The GFP-positive and -negative cells were sorted. The P2 
quadrant (green) and P3 quadrant (blue) show GFP-positive and -negative cells, respectively, (b) EBNA2, LMPI and lamin B expression as seen 
by immunoblotting in GFP-sorted parental U2932 and its EBNA2-transfected derivative U2932 EBNA2 cl-2. (c) Expression of miR-146a by 
Taqman qPCR in corresponding cell lines. The figure represents a mean of three experiments. 



differential regulation of this miR by EBNA2 and LMP1, the levels 
of type I IFN might be different in cells expressing these two viral 
proteins. Thus, we tested two type I IFN, IFNA4 and IFNA2 
expression by qRT-PCR in EBNA2/LMP1-transfected and EBV- 
infected U2932 cells. Figure 6c shows that indeed EBNA2 
expressors had higher levels of IFNA4 (Figure 6c, upper panel) 
and IFNA2 (Figure 6c, lower panel). However, transcripts of both 
these IFNs were reduced in the LMP1 transfectants. 



Proliferation, apoptosis and cell cycle related changes in EBNA2 
expressing U2932 cells 

The biological role of EBNA2-induced changes in miR-21 and 
miR-146 was investigated by testing the cell proliferation, changes 



in cell cycle and apoptosis in U2932 cells. The expression of 
apoptosis-related genes BCL2 and BCLxS was analyzed. No 
significant alteration in antiapoptotic BCL2 expression was 
observed but we did find that proapoptotic BCLxS was reduced 
in EBNA2 expressing U2932 cells (Supplementary Figure 6a). The 
number of apoptotic cells were reduced in EBNA2 U2932 cells 
(Supplementary Figure 6b). Additionally, p21 and p27 expression 
was reduced but CDK4 was slightly increased (Supplementary 
Figure 6c). When LNA miR-21 was transfected, p21 was the only 
protein reconstituted (Supplementary Figure 6d). LNA miR-21 
transfection did not affect bcl2, bclxS or p27 expression (data not 
shown). There was an increase in number of cells in S phase in 
U2932 EBNA2 expressors (Supplementary Figure 6e). We also 
noted higher in vitro proliferation and clonability in semisolid 
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Figure 6. IRAKI and type I interferon expression in EBV-infected and 
EBNA2/LI\/lP1-transfected cells: (a) Immunoblotting was performed 
to evaluate IRAKI protein expression. A monoclonal anti-IRAKI 
antibody is used. EBNA2 and LMPI expression was verified by using 
respective monoclonal antibody, (b) qPCR was employed to assess 
IRAKI transcript levels in EBV-converted and EBNA2/LMP1-trans- 
fected U2932 cell, using IRAKI -specific taqman primers. The 
experiment represents mean of three experiments, each performed 
in triplicates, from two different RNA extraction. The values are 
normalized against an internal GAPDH mRNA control, (c) IFNA4 (top 
panel) and IFNA2 (lower panel) were quantified by qRT-PCR in total 
RNA-derived from U2932 EBV-infected and -transfected with the 
empty vector (MPA), with EBNA2 or with LMPI. Levels of IFNA2 and 
IFNA4 mRNAs were normalized to the GAPDH level using the 
formula 2~^^*^*; the values shown are means ±s.d. of triplicate 
determinations. 



medium of EBNA2 expressing U2932 in comparison with controls 
(Supplementary Figures 6f and g). LNA miR-21 transfection reduced 
the growth of EBNA2 expressing U2932 cells in vitro as well as in 
semisolid medium (Supplementary Figures 6g and f). 



DISCUSSION 

EBNA2 has a pivotal role in EBV-induced B-cell transformation as 
indicated by the fact that viral strains lacking the gene cannot 
immortalize primary B cells. In a successful B-cell transformation, 
however, the virus brings profound alterations in cellular gene 
expression and phenotype. The recent emergence of miRs as fine 
regulators of gene expression and their dysregulated expression in 
cancers suggest that transforming viruses might achieve this end 
by regulating these regulators. That EBV can influence cellular miR 
expression has been shown by us and others.^°'^^ However, the 
individual contribution of EBV genes in miR regulation has been 
mainly studied for LMPI .^^"^^ To the best of our knowledge, this is 
the first study which investigates how EBNA2 affects miR 
expression. Using EBV-infected B tumor cells and EBNA2 
transfectants, we demonstrated that EBNA2 can positively 
regulate miR-21 and negatively affects miR-146a expression. 

Deregulated miR-21 expression is a hallmark of many tumors 
including glioblastoma, lung cancer, squamous cell carcinoma and 
breast cancer and chronic lymphocytic leukemia.^^"^^ A landmark 
study recently demonstrated that overexpression of miR-21 in an 
in vivo system leads to proliferation of pre-malignant lymphoid 
phenotype.^^ The critical role of this miR in tumorigenesis was 
demonstrated by showing that by knocking down its expression, 
tumor cells were more prone to apoptosis.^^ In addition, breast 
cancer cell growth and metastasis was suppressed when miR-21 
was knocked down.^^ The altered expression in miR-21 expression 
has been documented in BL with type III EBV latency and in 
LCLs.^^''^^ However, which EBV protein is responsible for the 
observed miR-21 increase was not investigated in these previous 
studies. We now identify that among EBV-encoded proteins, 
EBNA2 alone is sufficient to increase its expression. We further 
show that EBNA2 does not upregulate miR-21 primary transcripts. 
This is consistent with a report by Cameron et al.f^^ which showed 
that the increase in mature miR-21 in latency III cells is not corre- 
lated with a corresponding increase in the primary transcripts. 
Taken together, we surmise that the mature miR-21 increase by 
EBNA2 is most probably due to post-transcriptional mechanisms 
such as increased processing. Among the targets of miR-21, tumor 
suppressor PDCD4 and TIMP have been identified.^^'^^ However, 
in our DLBCL model system, we did not detect any significant 
change in PDCD4 expression (data not shown). 

The miR expression profiling of EBV-infected latency III 
expressing DLBCL cells highlighted that miR-146a was strongly 
downregulated. Interestingly, this miR was seen upregulated in 
LCLs and we confirm this.^° This difference could be related to 
diverse cellular background. Previously, it was reported that EBV 
infection of the virus-negative BLs results in an increase in 
miR-146a and this was attributed to LMPI.^^'^^''^^ However, 
LMP1-EBNA2 expression in these EBV convertants was not 
demonstrated. It is erroneous to assume that in vitro EBV 
infection would regularly lead to a type III latency profile. 
Indeed there are several examples in the literature that show 
that LMPI and/or EBNA2 might not be expressed in the in vitro- 
infected BLs and DLBCL."'^^ In addition, it has been reported by 
Godshalk et al.^^ that de novo infection of primary B cells initially 
decreases miR-146a. Perhaps more significantly, we found that the 
observed decrease in miR-146a expression in latency III expressor 
U2932 EBVGFP cl-B was due to EBNA2 expression, as the same 
cells expressing only EBNA2 showed a strong downregulation of 
this miR. This datum is consistent with miR-146a decrease 
observed by Godshalk et al.^^ after de novo EBV infection. 
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as EBNA2, together with EBNA5, is among the first EBV latent 
proteins to be expressed upon fresh infection. 

Why EBNA2 negatively regulates miR-146a and what biological 
significance this bears is a highly interesting question and open to 
speculation at the moment. This miR has an important role in 
regulating genes involved in innate immune response. Among its 
targets, IRAKI and TRAF6 were verified by Dr David Baltimore's 
group.^^ In this context, it is relevant to note that in a hormone 
conditional EBNA2 LCL, when EBNA2 was expressed after tamoxifen 
treatment, one of the mRNA upregulated was that of IRAKI. In view 
of the present data, we suggest that the IRAKI upregulation by 
EBNA2 observed by us and Zhao et aC^ could be a direct result of 
negative regulation of miR-146a by this viral protein. More recent 
studies indicate that miR-146a regulates type I interferon 
production through Rig-1 pathway."^^'^^ It was thus reasonable to 
expect that one result of miR-146a downregulation provoked by 
EBNA2 would be higher expression of these cytokines. Indeed, 
EBNA2 transfectants did express higher interferon levels. This 
datum is also consistent with a previous study where EBNA2 
expression in B cells led to increased type I interferon expression. 
The consequential question thus is, why a viral protein should 
activate antiviral pathway through upregulating type I interferon? 
Other DNA virus-encoded proteins such as SV40 large T antigen 
and adenovirus E1A have been previously implicated in the 
induction of interferon production.^''''^^ A constant low level of 
interferon production induced by viral genes might eventually 
make the virus-infected cells refractory to this cytokine. This is 
consistent with previously reported resistance to interferon 
provoked by EBNA2 in BL cell lines."^^ 

Further studies will be required to investigate precise molecular 
mechanisms on how EBNA2 affects miR expression and in 
particular miR-21 and miR-146a. However, the data suggest that 
EBNA2 might contribute to EBV-induced B-cell transformation by a 
positive regulation of oncomiR miR-21 and by interfering with the 
innate immunity through regulating a key regulator of it, namely 
miR-146a. Additionally, this miR has been attributed with 
oncosuppressive functions.^° Our data thus suggest that EBNA2 
may promote B-cell transformation by simultaneously increasing 
an oncomiR and reducing a miR with noted tumor suppressing 
functions. 
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